We present an extensive molecular dynamics (MD) simulation study of the lithium ion transport in ternary polymer electrolytes consisting of poly(ethylene oxide) (PEO), lithium-bis(trifluoromethane)sulfonimide (LiTFSI) and the ionic liquid N-methyl-N-propylpyrrolidinium bis(trifluoromethane)sulfonimide (PYR13TFSI). In particular, we focus on two different strategies by which the ternary electrolytes can be devised, namely by (a) adding the ionic liquid to PEO20LiTFSI, and (b) substituting the PEO chains in PEO20LiTFSI by the ionic liquid. In order to grasp the changes of the overall lithium transport mechanism, we employ an analytical, Rouse-based cation transport model (Maitra et al. , Phys. Rev. Lett., 2007, 98, 227802), which has originally been devised for binary PEO-based electrolytes. This model distinguishes three different microscopic transport mechanisms, each quantified by an individual time scale. In the course of our analysis, we extend this mathematical description to account for an entirely new transport mechanism, namely the TFSI-supported diffusion of lithium ions decoupled from the PEO chains, which emerges for certain stoichiometries. We find that the segmental mobility plays a decisive role in PEO-based polymer electrolytes. That is, whereas the addition of the ionic liquid to PEO20LiTFSI plasticizes the polymer network and thus also increases the lithium diffusion, the amount of free, mobile ether oxygens reduces when substituting the PEO chains by the ionic liquid, which compensates the plasticizing effect. In total, our observations allow us to formulate some general principles about the lithium ion transport mechanism in ternary polymer electrolytes. Moreover, our insights also shed light on recent experimental observations (Joost et al. , Electrochim. Acta, 2012, 86, 330).
I. INTRODUCTION
Polymer electrolytes -typically consisting of an amorphous polymer matrix and a salt dissolved in it 1 -are promising candidates for many technological devices such as batteries or fuel cells [2] [3] [4] . Here, a commonly used polymer is poly(ethylene oxide) (PEO), whereas lithiumbis(trifluoromethane)sulfonimide (LiTFSI) is often employed as conducting salt, as the large TFSI anion reduces ion aggregation. However, at ambient temperatures, the conductivity is still too low for an efficient technological use.
Several attempts have been made in the past to overcome this deficiency. Common modifications of the classical polymer-salt systems are the addition of nanoparticles 5 or organic solvent molecules [6] [7] [8] . However, in case of the latter, the resulting electrolytes suffer from the high volatility and thus flammability of the solvent as well as from its reaction with lithium metal electrodes 8 . Here, Passerini et al. [9] [10] [11] [12] demonstrated that the use of an ionic liquid (IL) instead of a conventional solvent has several advantages: The ILs are non-volatile, non-flammable 13 and exhibit a wide electrochemical stability window [14] [15] [16] . In this way, improved polymer electrolytes can be designed, which show an increased conductivity combined with inherent stability 9, 12 , and are thus ideal to create light-weighted but powerful batteries 10, 11 .
In a recent molecular dynamics (MD) simulation study 17 , we investigated a ternary polymer electrolyte consisting of PEO 20 LiTFSI and a variable mole fraction x of the IL N-methyl-N-propylpyrrolidinium bis(trifluoromethane)sulfonimide (PYR 13 TFSI). As observed experimentally by Passerini et al. 9, 12 , we also found a clear increase of the lithium diffusion coefficient with x, and were able to show that the main reason for this enhancement can be attributed to the plasticization of the PEO backbone by the IL. That is, the presence of the IL enhances the PEO dynamics, and consequently, the lithium ions coordinated to the PEO backbone also become faster.
In this contribution, we will significantly expand the scope of our previous analysis 17 , and investigate the lithium transport in ternary polymer electrolytes in a more general way. This is not only due to the fact that we present additional insights on the ternary PEO 20 LiTFSI· x PYR 13 TFSI mixtures (in which IL is added to binary PEO 20 LiTFSI), but also follow a conceptually different approach how to create ternary polymer electrolytes, that is, we also substitute PEO chains in PEO 20 LiTFSI by PYR 13 TFSI molecules. This procedure is carried out in such a way that the overall lithium volume concentration is held constant. Figure 1 shows snapshots from the simulations for the two different scenarios. The motivation for our extended study is twofold: First, although Passerini et al. found in their recent work 12 that the lithium diffusion coefficient increases with the IL fraction for an ether oxygen-to-lithium ion (EO : Li) ratio of 20 : 1, they simultaneously observed no significant changes for lower ratios of 10 : 1 or 5 : 1. This observation becomes even more puzzling by additional insights from Raman measurements 12 , which revealed that with increasing x, the lithium-TFSI coordination increases at the expense of the lithium-PEO coordination (especially for low EO : Li ratios). Although these findings rather suggest a lithium transport mechanism which is at least partly decoupled from the PEO chains, it is obvious from the approximately constant lithium diffusion coefficients that the lithium motion cannot be similar to that in pure IL/LiTFSI electrolytes, which would be significantly faster 18, 19 . Nevertheless, the transport mechanism has to change at some point when PEO is successively replaced by PYR 13 TFSI molecules, which gives us a second, theoretical motivation for our extended study. Thus, the concentration series of the PEO substitution serves as a model electrolyte in a double sense, as both the EO : Li ratio decreases with increasing IL fraction, while at the same time a crossover from a PEO-based lithium transport mechanism to a TFSI-based transport mechanism is enforced.
In addition to the MD simulations, we also employ an analytical ion transport model 20 to clarify the issues outlined above. This model expresses the macroscopic lithium diffusion in PEO-based polymer electrolytes via three different microscopic mechanisms, each characterized by a specific time scale (see sketch in Figure 2 ): 1. Diffusion along the PEO chain, which can be interpreted as an effective one-dimensional random walk along the curvilinear path of the polymer chain. This motion can be characterized by the time scale τ 1 the ion needs to explore the entire PEO chain. 2. Segmental motion of the PEO chain, which can be separated into the centerof-mass motion and the internal dynamics. For non- entangled chains, the internal dynamics can be described by the Rouse model 21 via an effective Rouse time τ 2 , characterizing the motion of the bound PEO segments. 3. Intersegmental transfer of the cation from one PEO chain to another, which can be quantified by the average residence time τ 3 at a given chain. Previous simulations 20 have shown that this mechanism can be viewed as a renewal process within the framework of the Dynamic Bond Percolation (DBP) model 22 , since the dynamics of a given lithium ion becomes independent of its past after being transferred to another PEO chain. One particular advantage of our model is that it allows one to extrapolate the lithium diffusion coefficients derived from the numerical data to the experimentally relevant long-chain limit.
However, one should keep in mind that the ion transport model has originally been developed for the archetypal, binary polymer electrolytes. Although our previous study 17 showed that the lithium transport mechanism qualitatively remains the same for the case of IL addi-tion, it is a priori unclear if this also holds for the PEO substitution, as the transport mechanism will certainly change at some point when PEO is removed from the electrolyte. In fact, it will turn out that the IL-mediated lithium transport may substantially contribute to the overall lithium migration, and we will propose a revised model accounting for this additional, fourth transport mechanism.
Further advancements compared to our original study 17 are comprehensive analyses related to the microscopic factors contributing to the individual transport mechanisms. For example, we will demonstrate that the plasticization by the IL is only one important requirement to yield an enhanced segmental mobility and thus a faster lithium diffusion. Moreover, the effect of the IL on the polymer dynamics is also interesting from a fundamental point of view, as it gives rise to hydrodynamic interactions among distinct PEO segments, reflected by a Zimm-like scaling of the Rouse-mode relaxation times. Concerning the other mechanisms, we will show that e. g. the renewal process (characterized by τ 3 ) can be understood in terms of a few structural and dynamical observables. These additional insights could ultimately contribute to a more directed improvement of battery materials.
For all ternary electrolytes, PEO 20 LiTFSI will be used as a reference. In what follows, the electrolytes with a constant EO : Li ratio, i. e. 20 : 1, and a variable amount x of PYR 13 TFSI will be denoted as PEO 20 LiTFSI · x PYR 13 TFSI. The new electrolyte types, devised to study the differences in the lithium transport mechanisms between binary PEO/LiTFSI and PYR 13 TFSI/LiTFSI, will be denoted as PEO 20−αx LiTFSI · x PYR 13 TFSI. Here, α is the ratio of the respective partial molar volumes of a PYR 13 TFSI ion pair and a PEO monomer (see below).
For reasons of simplicity, we also abbreviate PEO as 'P' (i. e. polymer or PEO) and LiTFSI as 'S' (i. e. salt) in the following, leading to the short-hand notations P 20 S· x IL and P 20−αx S · x IL for the two distinct classes of ternary electrolytes.
This article is organized as follows: Section II describes the details of the MD simulation procedure and the setup of the systems. In Section III, we discuss the lithium ion coordination sphere and the structure of the PEO chains. Section IV deals with the two transport processes involving changes in the lithium coordination sphere (intersegmental transfer and diffusion along the chain), followed by a detailed analysis of the polymer dynamics (Section V). Having characterized all three transport mechanisms, we compare the predictions of our model with the experimental data from Passerini et al. 12 (Section VI). Finally, we conclude (Section VII).
II. MD SIMULATION METHODOLOGY
The MD simulations were performed with a modified version of the sander module of the AMBER package 23 , allowing us to use a force field specifically designed for PEO/LiTFSI 24,25 and PYR 13 TFSI 26 (see appendix, Section B for a validation of the modified AMBER code and Section C for a benchmark assessing its performance).
The initial configurations were created by randomly placing the individual molecules on a simple cubic lattice with a lattice constant of 36Å irrespective of their type, mixing the system in this way. In case of PEO, the chains already had coiled conformations as under melt conditions, thereby circumventing an expensive equilibration.
The binary PEO/LiTFSI electrolyte contained 10 PEO chains with N = 54 monomers each as well as 27 LiTFSI molecules. In case of the addition of IL, i. e. P 20 S · x IL, the simulation cell also contained 18 (x = 0.66) or 87 (x = 3.24) PYR 13 TFSI molecules. The latter system is shown in Figure 1 (a). In case of the substitution of PEO (P 20−αx S · x IL) and thus a constant lithium volume concentration, the partial molar volumes of PEO and PYR 13 TFSI must be known. Through several short equilibration runs of the respective binary electrolytes, namely PEO n LiTFSI (n = 30, 20 and 10) and PYR 13 TFSI · x LiTFSI (x = 0.20, 0.24 and 0.26) in the N pT ensemble, we found that the molar volumes of both PEO and PYR 13 TFSI are independent of the LiTFSI fraction for the investigated concentration ranges. Their ratio reveals that approximately α = 7.14 PEO monomers occupy the same volume as one PYR 13 TFSI ion pair. Based on this value, we created the following systems: 8 PEO chains with 15 PYR 13 TFSI molecules (P 16 S·0.556 IL), 6 PEO chains with 30 PYR 13 TFSI molecules (P 12 S · 1.111 IL), and 4 PEO chains with 45 PYR 13 TFSI molecules (P 8 S · 1.667 IL, see Figure 1 (b)), all of them containing, as above, 27 LiTFSI ion pairs. Neat PEO (16 chains with N = 54) and the pure PYR 13 TFSI/LiTFSI electrolyte (76 PYR 13 TFSI molecules and 27 LiTFSI ion pairs, PYR 13 TFSI·0.262 LiTFSI) serve as reference within this context.
The systems were equilibrated in the N pT ensemble for 70 − 80 ns using the PME technique 27 . Afterwards, production runs with a total length of 200 ns were performed in the N V T ensemble. A time step of 1 fs was used in all simulations to propagate the systems. The temperature was maintained by the Berendsen thermostat 28 with a reference temperature of 423 K. All bonds involving hydrogen were constrained by the SHAKE algorithm 29 . The induceable point dipoles were integrated by a Car-Parrinello-like scheme 30 , and the charge-dipole interactions between atoms separated by three bonds (1-4 interactions) were scaled by a factor of 0.2. For all other nonbonded contributions, the full 1-4 interaction was taken into account. Dipole-dipole interactions were damped using a Thole screening 31 with a dimensionless damping parameter 24 of a T = 0.4. Table VI (appendix) shows the average values of the box lengths as determined from the N pT runs and subsequently used in the N V T simulations. One indeed observes that box length is nearly the same for all P 20−αx S · x IL systems. Slight deviations for PYR 13 TFSI · 0.262 LiTFSI may result from rounded molecule numbers in the simulation.
III. STRUCTURAL PROPERTIES A. Lithium Coordination
In order to quantify the local structure around the lithium ions, radial distribution functions (denoted as g(r) in the following) have been computed for the atom pairs Li + −O PEO and Li + −O TFSI (see A 2). Both coordination types exhibit a sharp peak around 2Å, corresponding to the first coordination shell, which is in good agreement with neutron diffraction experiments 32 and quantum chemistry calculations 33, 34 . At larger distances no significant structural arrangement can be found. When successively adding the IL, one observes that the peak positions of both Li + − O PEO and Li + − O TFSI remain the same for all electrolytes. Thus, the same criterion to define temporary lithium bonds will be used for the subsequent analysis. We consider a EO and a Li + as bound if their distance is not larger than 3.0Å. In analogy, we consider a Li + and a TFSI oxygen as bound if their distance is not larger than 2.7Å.
The probability distribution functions to find a lithium ion with a certain number of EOs or TFSI oxygens in its first coordination shell is also shown in the appendix (Figure 11 ). To summarize, we find that the predominant lithium coordination consists of 4 − 5 EOs for all electrolytes, which is again in good agreement with the experimental data 32 and the quantum-chemical results 33, 34 . In those complexes where the 4 − 5 EOs originate from a single PEO molecule, the polymer chain wraps helically around the cation. For complexes involving two PEO chains, typically 2 − 3 EOs from each chain coordinate to the ion.
Coordinations by TFSI oxygens are mostly rare, and often the anion coordinates only briefly to the lithium ion (cf. Figure 1 , where all ions are in the vicinity of a PEO chain). The only exceptions are P 8 S · 1.667 IL and, though less pronounced, P 12 S · 1.111 IL. Here, the lithium ions more likely coordinate to 1−2 TFSI oxygens in contrast to all other systems, and some are even coordinated to TFSI only (0.4 % for P 12 S·1.111 IL and 2.5 % for P 8 S · 1.667 IL). As in pure IL/LiTFSI, the prevalent coordination number in the latter scenario is about 3 − 4 TFSI oxygens, originating mostly from different anions. This specific coordination has also been observed previously in MD simulations 35 , although experimental work emphasizes that also the Li(TFSI) 2 complex is important 36 . Table I summarizes the fraction of lithium ions coordinating to one or two PEO chains (denoted as r 1 and r 2 , respectively). Coordinations to three PEO chains were rarely observed and had a very brief life time of a few picoseconds only. Therefore, these events were neglected for the subsequent analysis. For the pure polymer electrolyte, the fractions of complexes involving one and two chains are nearly equal. Similar binding energies for both coordination types have also been found in quantum chemistry calculations 34 . The fraction of lithium ions coordinating to one PEO molecule increases with the IL content for both types of electrolytes.
In case of P 20 S · x IL, this is a consequence of the reduced PEO concentration, as it becomes less likely that a lithium ion encounters a second chain in the semidilute case. This is also confirmed by the observation that the fraction of Li + coordinating to one PEO chain increases linearly with x, showing that the changes in the coordination sphere are purely statistical.
For P 20−αx S · x IL, however, these trends are stronger than linear, which can be attributed to the fact that the PEO chains are successively removed from the system, and the remaining PEO chains become more crowded by Li + (see below). Thus, the different coordination shell can not solely be explained as a simple dilution effect. 
B. Statical Polymer Structure
Due to the helical coordination structure of the PEO backbone, the local polymer structure changes, and the conformational phase space of the chain is reduced. Moreover, in case of the ternary electrolytes, the additional IL molecules dilute the PEO chains, thus inducing a crossover from a polymer melt to a semidilute solution, which may also alter the equilibrium conformation of the polymer chains 37 . Table I A contraction of the polymer chain can also be observed for P 20 S · x IL from R 2 e , which also decreases, whereas for P 20−αx S · x IL no clear predictions can be made within the statistical uncertainties. When determining the ratio of R (Table I ), one finds values close to the ideal ratio of six for a Gaussian chain 37 for all electrolytes, again indicating that on a global scale the chains are approximately Gaussian.
Also for the scaling of the Rouse mode amplitudes X 2 p , we observe only slight deviations from the respective curve for pure PEO (Figure 3) . Here, the modes X p were determined from the simulation data using the respective expression of the discrete Rouse model 38 , i. e. X p (t) = (1/N ) N n=1 cos(pπ(n − 1/2)/N ) R n (t), where the R n denote the position vectors of the individual monomers. In the limit of low mode numbers p, we find the expected Rousean scaling X 2 p ∝ p −2 , again demonstrating that the chain structure remains relatively ideal upon the addition of IL. Thus, no significant swelling of the chains can be observed, and the structural properties are similar as in neat PEO. On a local scale however, the PEO chains become rather contracted due to the helical coordination sphere of the lithium ions.
IV. LITHIUM DYNAMICS
The MSDs of the lithium ions in the individual electrolytes are shown in Figure 4 . For P 20 S · x IL, one indeed observes an increase of the lithium mobility upon the addition of IL. In particular, this increase becomes visible at 1 − 10 ns, whereas the onset to diffusive behavior occurs on the same time scale for all systems. Nevertheless, the MSDs are much smaller than for pure PYR 13 TFSI·0.262 LiTFSI, and the crossover to diffusion occurs much later. This is consistent with the observation that nearly all cations coordinate to the PEO chains, and that the lithium transport in the ternary electrolytes changes not too drastically as compared to P 20 S. Interestingly, for P 20−αx S · x IL, no significant difference in the lithium MSD can be found.
In the following, we will employ the lithium ion transport model in order to rationalize these observations. First, we will focus on the intersegmental transfer and the diffusion along the chain, followed by an in-detail analysis of the polymer dynamics. Once all ingredients are combined, we will use the transport model to compute the macroscopic lithium diffusion coefficients from the numerical data, and compare these values to the experimental data from Passerini et al. 12 .
A. Lithium Ion Transfer Mechanism
First, we will study the lithium ion transfer between two different polymer chains, which is vital for the longrange cation transport and thus any macroscopically measurable lithium diffusion. That is, when only considering the diffusion along the chain and the PEO dynamics as possible transport mechanisms, the ion remains confined to a finite volume characterized by the radius of gyration of the PEO chains. Moreover, the diffusion of the center of mass of the polymer chain becomes irrelevant in the experimentally relevant long-chain limit. Previous MD simulations focusing on this mechanism have shown that the dynamics of the lithium ion is independent from its past after such a transfer processes 20 , leading to Markovian behavior for time scales larger than τ 3 , and that these processes can thus be regarded as renewal events in the spirit of the DBP model 22 . We start with the investigation of the detailed mechanism of the cation transfer process. During most transfers, the ion is coordinated to two PEO chains simultaneously (i. e. the leaving chain and the entering chain) as a transition state. In some events, the cation is also temporarily coordinated by TFSI anions only and migrates to another PEO chain in this way, which will be discussed below. Figure 5 shows a histogram of the life times τ of the intermediate in which a Li + is coordinated by two PEO chains (solid lines). One clearly observes that the resulting distribution is very broad. Whereas most complexes exist only briefly (i. e. a few picoseconds), some exist over nearly the whole simulation length of 200 ns. For all electrolytes, no significant difference can be found for p(τ ), suggesting a rather universal mechanism. This is also reasonable when keeping in mind that the lithium coordination sphere containing two PEO chains is relatively compact, and that the surrounding molecules thus hardly affect the transfer process once the complex has formed.
Of course, it is questionable if also the brief coordinations in Figure 5 can result in a successful cation transfer, since the separation of the leaving chain and the simultaneous formation of a new, stable coordination sphere Figure 6: Probability p(n) to find a specific EO coordination number n for a cation coordinated to two PEO chains (solid) as well as the probability p(nmin) to find a minimum EO coordination number nmin on the first PEO chain during the life time of the complex (dashed).
on the entering chain will need a certain time. For this purpose, Figure 5 also shows p(τ ) for complexes which resulted in a successful transfer. The criterion for a successful transfer was that the lithium ion remained detached from the old chain for at least 100 ps, which was motivated by a more detailed analysis revealing that nonMarkovian, short-time backjumps to the old chain occur up to about 100 ps (not shown). From Figure 5 one indeed observes that the probability for short τ is lower for real renewal events (dashed lines). Again, the curves are nearly identical for all electrolytes.
In order to study the transfer mechanism in more detail, we monitored the progress of the cation transfer as follows: When a second PEO chain enters the coordination sphere of a cation that is already coordinated to a PEO molecule, the EO coordination number n at the first chain naturally decreases. For brief coordinations of the second chain, the crown-ether-like structure of the first chain will hardly be perturbed. On the other hand, for longer times, one would expect a rather symmetric coordination by both PEO chains, leading to smaller n. In case of a successful cation transfer, the EO coordination number decreases even further to zero. The minimum coordination number n min that is reached during τ can therefore be used to monitor the progress and the success of the cation transfer. Figure 6 shows the probability p(n min ) to find a specific minimum coordination number n min as well as the probability to find any coordination number n on the first PEO chain during τ . One clearly observes that on average 2 − 3 EOs of each chain coordinate to the Li + (solid lines). This coordination is independent from the IL concentration as expected from the dense packing of the coordination sphere. For p(n min ), one notices that the brief coordinations corresponding to n min = 4 − 5 become less likely with increasing IL concentration for P 20−αx S · x IL. As a consequence, the relative probabil-ity that a complex with n min = 2 is formed increases. For P 20 S · x IL, no such effect can be observed, and p(n min ) remains basically unaltered by the presence of the IL. This indicates that the increased probability of n min = 2 for P 20−αx S · x IL is not related to a simple concentration effect, which would also be present for P 20 S · x IL, but rather to the fact that the PEO molecules are successively substituted by IL. Due to this substitution, each PEO chain coordinates to more cations, resulting in an enhanced rigidity of the PEO backbone, which impedes the formation of the helical structure with n = 4 − 5 and thus leads to a larger value for p(n min = 2).
In total, a complete cation transfer with n min = 0 has the same relative probability of about 10 % for all IL concentrations and EO : Li ratios. Obviously, the critical step is the encounter of a second PEO chain, or, more precisely, a free PEO segment. Once the complex has formed, it decays according to a universal distribution of life times ( Figure 5) . A remarkable feature, however, is the fact that although p(n min = 2) (which corresponds to a symmetric coordination by both PEO chains) for P 20−αx S · x IL increases with x, the complete transfer with p(n min = 0) does not become more likely, indicating that other, less trivial factors affect the outcome of a PEO-Li + -PEO encounter. It is also worth noting that, in contrast to earlier findings from MD simulations of a PEO/LiBF 4 electrolyte 20 , no significant influence of the anion on the PEO-to-PEO transfer could be observed. Most likely, the minor importance of the TFSI anions for the transfer arises from the suppressed tendency to form ion pairs or higher-order ionic clusters as compared to BF 
B. Renewal Time
In order to determine τ 3 , we counted the number of transfer processes N trans from the simulations. As above, brief transfers and successive backjumps after less than 100 ps were excluded, while on the other hand transfer processes via the anions were also counted, since they serve as a renewal process in the same way. Subsequently, the τ 3 -values were determined according to τ 3 = t max N Li + /N trans , where t max = 200 ns is the simulation length and N Li + = 27 is the number of lithium ions in the simulation box.
The individual values for τ 3 are summarized in Table II. One observes for both the P 20 S · x IL and the P 20−αx S· x IL electrolytes that τ 3 increases with increasing IL concentration. Since the PEO molecules become more and more diluted, this can at least partly be explained as a concentration effect. However, the stronger increase for P 20−αx S · x IL indicates that not only the reduced PEO concentration, but also the reduced number of free EOs, which are necessary for a successful transfer, leads to an increase of τ 3 . To understand these trends in more detail, we will figure out the individual contributions to the τ 3 -values in the following. When the lithium ion moves through the electrolyte, it has to encounter a free PEO segment in order to be transferred (naturally, above the glass-transition temperature, the segments themselves also show significant motion). The probability for such an event can be estimated on the basis a few structural parameters: First, the volume element into which the Li + moves has to be occupied by PEO. Here, the probability to encounter any PEO segment (free or bound) can be obtained from the volume fraction of PEO in the simulation cell, i. e. V PEO /V . Second, the PEO segment has to be free, which is necessary to form the helical coordination sphere. Here, we defined a free segment as a block of at least four free EOs, which occurs with probability p free EO . The overall probability to encounter a free PEO segment (at least four EOs) is then given by the product of V PEO /V and p free EO (both quantities are shown in Table II ). Apart from these structural ingredients, one also needs dynamical information how fast the PEO segments (and the attached lithium ions) move. That is, the faster both the lithium ions and the PEO segments rearrange, the more opportunities the ions have to find a free PEO segment and to be transferred. Although the effect of the IL on the polymer dynamics will be discussed in Section V, we nevertheless use the parameter C R (Table III) , which is the prefactor of the Rouse-like MSD ∝ t 1/2 for the average EOs, as an anticipatory measure for the polymer dynamics. Since C R quantifies the motion of the average EOs, it implicitly contains the dynamics of both the free PEO segments and the lithium ions (due to the cooperative motion with the bound EOs, which are also contained in C R ; see below). When plotting the product (V PEO /V ) p free EO C R versus the observed τ 3 , we find a nearly perfect linear relationship (correlation coefficient −0.99) within the statistical error of τ 3 . This demonstrates that τ 3 is essentially determined by three factors: the volume fraction of PEO and the fraction of free PEO segments (or, alternatively, the volume concentration of free PEO segments) on one hand, and the polymer dynamics on the other hand.
Table II also shows the probability p trans,IL that a TFSI-supported transfer takes place (p trans,IL = N trans,IL /N trans ; i. e. the number of transfers in which the Li + is intermediately coordinated to TFSI only relative to the total number of transfers). For high IL concentrations, it becomes more likely for a lithium ion to migrate through the IL-rich regions of the electrolyte. Since this scenario is less likely for P 20 S · x IL, one can conclude that the transfer via TFSI in P 20−αx S · x IL is mainly caused by the crowded PEO chains and the lower fraction of free EOs. Also shown in Table II find values close to the lithium diffusion coefficient in PYR 13 TFSI · 0.262 LiTFSI (D Li,IL = 14.014Å 2 ns −1 ). Thus, for P 20−αx S · x IL, a change of the entire lithium transport mechanism becomes visible, and the PEO-TFSI-PEO transitions may substantially contribute to the overall lithium MSD for sufficiently large values of p trans,IL and ∆R 2 Li IL . On the other hand, from the probability p IL to find a lithium ion coordinated to TFSI only at any time (Table II) , one can conclude that the impact of the IL-mediated transport is negligible for most investigated electrolytes (see discussion in Section VI).
C. Diffusion along the Chain
In order to quantify the quasi-one-dimensional random walk of the lithium ions along the PEO chains, all EOs have been numbered consecutively, and the mean squared change ∆n 2 (t) of the average EO index n has been computed ( Figure 7) .
Starting from about 100 ps, the dynamics crosses over to a regime that is only slightly subdiffusive (i. e. ∆n 2 (t) ∝ t 0.8 ). Qualitatively, this behavior is found for all compositions. For P 20 S · x IL, no significant change of ∆n 2 (t) can be observed when varying the IL concentration, indicating that the motion along the chain is basically determined by the characteristic motion of the PEO backbone, and that the surrounding molecules (i. e. PEO chains or IL molecules) have virtually no influence on this mechanism. Interestingly, the magnitude of ∆n 2 (t) is essentially the same for lithium ions bound to one or to two PEO chains (not shown).
Switching to P 20−αx S · x IL, one observes that the motion along the chain becomes slower with increasing IL concentration, especially for P 12 S · 1.111 IL and P 8 S · 1.667 IL (Figure 7 ), which can be attributed to the lower fraction of free EOs in the system. Interestingly, the value for the exponent of ∆n 2 (t) remains basically the same in this case, and only the magnitude of the functional form ∆n 2 (t) ∝ t 0.8 becomes slightly lower. In principle, this type of motion could be quantified by the respective diffusion coefficient D 1 extracted from Figure 7 according to the Einstein relation
Unfortunately, the ∆n 2 (t) -curves in Figure 7 are not purely diffusive, whereas on larger time scales the statistics are too bad, since the ions are additionally transferred between distinct PEO chains, thus making it impossible to track the motion along the chain any further. In order to estimate the net effect of this mechanism, i. e. the number of traversed monomers during τ 3 , D 1 was approximately estimated as
Since the maximum observation time in Figure 7 is lower than the τ 3 -values, we assumed that the scaling ∆n 2 (t) ∝ t 0.8 persists until t = τ 3 , and simply extrapolated the curves in Figure 7 . Subsequently, the time scale τ 1 was calculated by the respective expression from the transport model 20 : 2). In total, the motion along the chain basically remains unaltered in these electrolytes, as also suggested by Figure 7 .
V. POLYMER DYNAMICS

A. Segmental Dynamics
In order to quantify the segmental polymer motion, the MSDs ∆R 2 (t) of the EOs relative to the center of mass of the PEO chain have been calculated (Figure 8 ). This quantity has been computed for all EOs (i. e. irrespective of the presence of an ion), for EOs bound to a lithium ion and for the respective attached ions. The criterion to consider a cation or EO as bound was that the average EO index of the ion did not change more than one, i. e. |∆n(t)| ≤ 1 for all time frames during t. For the bound EOs, no further distinction between additional coordinations of the lithium ion to e. g. another PEO chain or a TFSI molecule was made. Thus, these effects are already implicitly contained in the curves in Figure 8 . Of course, one might wonder if cations bound to two PEO molecules show the same dynamical characteristics as ions bound to single polymer chain, as the Li(PEO) 2 complexes could be viewed as temporary crosslinks. A more detailed analysis (published in the appendix of our previous study 17 ) indeed revealed that there is a conceptual difference between these two coordinations. However, the temporary crosslinks do not affect the polymer dynamics, but rather the motion along the chain: Whereas lithium ions coordinated to one chain are transported by both intramolecular mechanisms, ions bound to two chains experience the polymer dynamics only. This is due to the fact that the PEO chains move reptation-like along their own contour past the cation, which results in a non-zero ∆n 2 (t) (Figure 7 ), but does not contribute to the overall lithium transport. Since there is no qualitative effect of the coordination on the polymer dynamics (possibly also due to the fact that the exchange between both coordination types is sufficiently fast), we proceed to characterize the average dynamics of the bound PEO segments with a single τ 2 only.
The average EOs (circles) show typical Rouse-like motion with the characteristic relaxation time τ R . The dynamics of the bound EOs (diamonds) is qualitatively the same but protracted. Therefore, it is possible to characterize the intramolecular dynamics of the bound EOs by using a larger, effective Rouse time τ 2 . The lithium ions attached to these EOs (inset, solid lines) closely follow the bound EOs, which gives evidence for their cooperative motion. On short time scales, the MSD of the EOs is larger than the lithium MSD due to the additional internal degrees of freedom of the PEO backbone, but the MSD of the bound cations catches up on longer time scales (approximately 1 ns). Due to the collective motion, τ 2 also characterizes the dynamics of the attached lithium ions. Figure 8 also shows the Rouse fits
for the average (dashed lines) and the bound EOs (dotted lines). It is important to mention that the precise value of τ 2 obtained from these fits also depends on the value of R 2 e entering the prefactor of Equation 4 . In order to obtain a fit consistent with the plateau value at large t, the MSDs of the average EOs were fitted using two parameters, i. e. τ R and R 2 e eff . In this way, the R 2 e -values in Table I are replaced by an effective mean squared end-to-end vector R 2 e eff , characterizing the maximum accessible intramolecular distance for the cations. Once R 2 e eff was determined from the MSDs of the average EOs, the MSDs of the bound EOs were fitted using this value in combination with a single fit parameter τ 2 only. The fitting parameters R are summarized in Table III (deviations from our previous study 39 on P 20 S arise from the shorter simulation length of about 27 ns and the slightly modified fitting procedure).
In case of P 20 S · x IL, R Table I . This demonstrates that the PEO chains in these electrolytes behave relatively ideal, thus additionally validating our analysis in terms of the Rouse model. Both τ R and τ 2 decrease significantly, clearly indicating that the dynamics of the PEO segments becomes faster with increasing IL concentration. Therefore, the IL can be regarded as plasticizer. Due to the enhanced polymer mobility, the lithium ions also move faster while they are coordinated to a specific chain, and the overall lithium MSD increases as observed in Figure 4 . A similar observation has been made experimentally for other plasticizers like ethylene/propylene carbonate 7,8 or short PEO chains embedded in a highmolecular weight matrix 6, 8 . Naturally, this effect has also been observed for ILs in the experiments 12 that motivated the present work.
For P 20−αx S · x IL, R 2 e eff clearly decreases when the PEO chains are successively substituted by IL molecules. The mismatch with the R 2 e -values in Table I results from the different averaging procedure: Whereas R 2 e is determined by the outer monomers only and thus rather characterizes the global polymer structure, R 2 e eff contains contributions from all monomers, making it more susceptible to structural features on short and intermediate length scales. Note that the latter quantity is also statistically much better defined, since the average is taken over all EOs instead of the outermost EOs only. The decrease of R 2 e eff can be rationalized by the fact that more and more lithium ions coordinate to a specific PEO chain, thus diminishing the average intramolecular distances, and, consequently, the maximum accessible displacement for most ions. At the same time, it is still possible that the PEO chains are stretched on a global scale, which might arise from e. g. the electrostatic repulsion between distinct ions at a given chain (although for P 20−αx S · x IL, one cannot make clear predictions within the uncertainties of R 2 e in Table I ). In combination with the decline of R 2 e eff , the values for τ R and τ 2 also decrease when the IL concentration is raised (Table III) . However, it must be pointed out that the τ R -and the τ 2 -values of different electrolytes can only be quantitatively compared in conjunction with the precise value of R 2 e eff . Therefore, a direct comparison of τ R and τ 2 is only valid for similar R 2 e eff , as in the case of P 20 S · x IL. This is also highlighted by the observations from Figure 8(b) , where the EOs (both types) rather become slower with the IL fraction.
It is convenient to express R 2 e eff and τ R (or τ 2 ) within a single meaningful number. To this purpose, the prefactor of the characteristic Rouse-like motion for intermediate time scales (i. e. τ R /N 2 ≪ t ≪ τ R ), ∆R 2 (t) = (2 R 2 e /π 3/2 ) t/τ R , can be calculated, making it possible to directly measure the magnitude of the MSDs. Table III displays the constants C R = 2 R and C 2 = 2 R 2 e eff /(π 3 τ 2 ) 1/2 for the individual systems, thereby quantifying the mobilities of the average and the bound EOs, respectively. Here, one indeed observes the same trends as from the direct comparison of the MSDs: For P 20 S · x IL, the segmental mobility expressed by C R and C 2 clearly increases with the IL concentration, whereas it slightly decreases in case of the P 20−αx S · x IL electrolytes, meaning that also the lithium dynamics decreases. This behavior can again be explained by the reduced flexibility of the PEO backbone, since the fraction of bound EOs increases when the PEO chains are gradually substituted by IL. Nevertheless, the plasticizing is also present for P 20−αx S · x IL. This can be seen from the inset of Figure 8(b) , which shows the MSDs of the central EOs of all those PEO segments consisting of at least seven free EOs. Again, one observes an increase in the polymer dynamics with increasing IL fraction. However, since the fraction of free EOs and the probability to encounter an entirely free PEO segment (cf. p free EO in Table II ) is significantly lower, the plasticizing is barely visible in P 20−αx S · x IL. Rather, for the average EOs, the progressive coordination of lithium ions to the PEO chains screens the plasticizing effect of the IL.
Finally, it is worth mentioning that for both investigated types of electrolytes, the center-of-mass dynamics of the PEO chains becomes faster with increasing IL concentration. (The impact of this increase on the lithium diffusion coefficient will be discussed in Section VI). However, this observation can be easily rationalized by the fact that motion of the individual chains is less hindered by other chains when the PEO concentration is reduced.
B. Hydrodynamic Interactions
An especially interesting effect of the IL on the polymer dynamics can be observed from the scaling of the Rouse mode relaxation times. The correlators X p (0)X p (t) display a stretched exponential relaxation (not shown), and a Kohlrausch-Williams-Watts fit,
, was used to extract the parametersτ p and β (here, the hats have been used to avoid confusion with the time scales τ 1 , τ 2 and τ 3 of the lithium ion transport model). The mean relaxation time τ p is then given by τ p =τ p β −1 Γ(β −1 ), where Γ is the gamma function. The resulting scaling of τ p is shown in Figure 9 . Deviations from the values for τ R ≡ τ 1 in Table III result from the fact that the segmental MSD reflects an average over all modes, whereas τ 1 is determined from the first mode only. For low mode numbers, both pure PEO as well as P 20 S exhibit the same scaling of approximately τ p ∝ p −2 , thereby indicating that the global modes are Rousean. The absolute values of the τ p are systematically higher for P 20 S due to the decelerating effect of the lithium ions.
In contrast to this, one observes a clear decrease of the relaxation times at low p for P 20 S · 3.24 IL as compared to P 20 S. As already observed from the fits of the segmental MSDs (Figure 8 ), P 20 S · 3.24 IL approximately has the same value for τ R as pure PEO, whereas the local τ p (p ≫ 1) are basically the same as for the binary P 20 S. However, a faster global relaxation combined with a similar local relaxation can only be realized by a less steep dependence of τ p on p. These observations are compatible with a scenario in which hydrodynamic interactions, arising from the presence of the IL, contribute to the overall polymer motion. From an analytical point of view, these interactions can readily be taken into account via the Zimm model 37, 40 . In its simplest form, i. e. when no swelling of the chains is present (cf. R 2 e in Table I and X 2 p in Figure 3) , the equilibrium distribution of the chain conformation is Gaussian as in the Rouse model. Therefore, the static polymer properties remain unaffected, and only the dynamics is altered, leading to a scaling of the relaxation times ofτ p ∝ p −3/2 . Interestingly, for P 20−αx S · x IL, the scaling of the τ p for intermediate p does not change significantly. However, the uncertainties of these curves increase when the PEO chains are successively replaced by IL (up to 60 % in the worst case, i. e. p = 1 for P 8 S · 1.667 IL). For the local modes, the τ p increase with the IL concentration, again highlighting the reduced flexibility of the PEO backbone. Therefore, in total, the replacement of PEO by IL rather leads to a decrease of the polymer dynamics, and the plasticizing effect of the IL is not sufficient to compensate for the slowing down of the PEO segments caused by the attached lithium ions.
Although the scaling of the τ p is rather Zimmlike 40 (i. e. τ p ∝ p −3/2 ) for P 20 S · x IL, especially for P 20 S·3.24 IL, the segmental MSD nevertheless shows the characteristic Rousean proportionality MSD ∝ t 1/2 for t ≥ 1 ns (Figure 8 ) instead of the respective Zimm scaling 37 MSD ∝ t 2/3 . Only on time scales up to about 1 ns, the MSD of the average EOs is lower and slightly steeper than the Rouse predictions for P 20 S · 3.24 IL. This is in clear contrast to P 20 S, for which the PEO curve is larger than the Rouse prediction due to the additional internal degrees of freedom of the PEO backbone. Thus, this feature reflects another minor imprint of the hydrodynamic interactions. On larger length scales however, the hydrodynamic interactions are screened, since the monomer concentration in the PEO-IL solutions is still relatively high. Consequently, the chains interpenetrate strongly as in the pure polymer melt, and the momentum transfer via the low-molecular solvent acts only on short length scales. A similar dynamical behavior has also been reported previously for semidilute solutions of model polymers 41 simulated by a combination of stochastic Langevin dynamics and Lattice Boltzmann techniques 42 . Since the motion on larger scales is still Rousean, we also left Equation 4 unchanged in order to extract τ 2 for the P 20 S · x IL electrolytes.
VI. COMPARISON WITH EXPERIMENTS
Finally, we compare the predictions of the lithium transport model to the experimental data taken from ref. 12 . Of course, a direct comparison of D Li as extracted from Figure 4 is impossible, since the center-ofmass motion of the short PEO chains (N = 54) in our simulations significantly contributes to the lithium diffusion, whereas most experimental studies focus on the long-chain limit (e. g. M w = 4.000.000 g/mol in ref. 12 ). However, due the explicit N -dependence of the three time scales 20 , i. e. τ 1 ∝ N 2 , τ 2 ∝ N 2 and τ 3 ∝ N 0 , and using the fact that the center-of-mass motion vanishes for N → ∞, this problem can be easily circumvented.
For the scaling of τ 2 , entanglement effects may become relevant, which would manifest itself by a steeper dependence of the polymer relaxation time on N for chain lengths larger than the entanglement length N e . However, if τ 3 < τ e , meaning that the lithium ion leaves the chain before the latter begins to reptate, the dynamical contribution to the lithium ions is still Rousean 37 . In the case of PEO, experiments revealed that the entanglement regime sets in from about N ≈ 75 43, 44 . Based on these observations, one can estimate τ e according to τ e = τ R (N = 75) = τ R (75/54) 2 . For P 20 S, this leads to τ e ≈ 87 ns, which is substantially larger than τ 3 . Also in case of the highly plasticized P 20 S · 3.24 IL one finds τ e ≈ 46 ns > τ 3 . Therefore, the lithium ion leaves the PEO chain before the tube constraints become noticeable, and the transport model can also be applied in the limit of long chains.
Due to the renewal events (i. e. the interchain transfer), D Li can be expressed as
where g 12 (τ 3 ) M3 corresponds to an averaged, elementary step length between two successive renewal events (abbreviated as M3), and is characterized by the intramolecular transport mechanisms (i. e. the diffusion along the chain and the polymer dynamics). The centerof-mass motion of the PEO chains with length N is characterized by the diffusion coefficient D PEO . As shown in earlier work 20 , g 12 can be described by a Rouse-like expression
where 1/τ 12 = 1/τ 1 + 1/τ 2 is a combined relaxation rate due to both mechanisms. As argued in Section V, lithium ions coordinated to two PEO chains experience no effective transport due to the diffusion along the chain (see also supporting information of ref. 17). However, with respect to Equation 6, this effect can be easily captured. For a sufficiently fast exchange between coordinations to one and to two PEO chains, the average intramolecular lithium MSDḡ 12 is simply determined by the structural quantities r 1 and r 2 (Table I) :
That is, for the fraction r 1 of cations bound to one PEO chain, Equation 6 remains valid, whereas for ions bound to two chains with τ 1, 2 PEO → ∞, only τ 2 is important. For exponentially distributed residence times at the distinct PEO chains (which is fulfilled to a good approximation in our simulations except for shortest residence times lower than 300 ps, which account only for a few percent), one can write down an analytical expression for the average MSD at a given chain: has not yet become fully diffusive and the statistical uncertainties are relatively large in the long-time regime). However, when using the transport model to calculate the lithium MSDs as in our previous work 17 (which was done by simulating a random-walk motion whose step length was given by Equation 6 , and in which random reorientations at given time steps sampled from a Poisson process modeled the renewal events), we find quantitative agreement within the error bars for all systems, showing that the predictions of our model are consistent with the numerical data.
In the following, we will compare our results with the experimental data (D exp Li ) at T = 323 K taken from ref. 12 . Despite the temperature gap between simulation and experiment, we observe identical trends: For a As already discussed in context with the segmental PEO motion (Section V A), these observations can be understood as follows: In case of P 20 S · x IL, the IL acts as a plasticizer, and the enhanced polymer dynamics leads to a faster lithium ion dynamics. On the other hand, when the EO : Li ratio simultaneously decreases as for P 20−αx S · x IL, the remaining PEO chains become more and more rigid, which approximately cancels the plasticizing effect of the IL.
Thus, two opposing trends related to the segmental mobility can be found in ternary polymer electrolyteionic liquid mixtures: the slowdown of the polymer motion with decreasing EO : Li ratio (also encountered in the binary systems) and the plasticizing due to the IL, leading to an enhancement of the polymer dynamics (i. e. both the segmental and the center-of-mass motion). Naturally, for the technologically relevant long-chain limit, the enhancement of the center-of-mass motion of the PEO chains is irrelevant. For these reasons, one should keep in mind that especially the polymer segments remain mobile enough when designing new electrolyte materials.
It should be pointed out that the D Li -values in Table IV do not contain the contribution from those lithium ions which are coordinated by IL molecules only and thus move faster. In particular for the electrolytes P 12 S · 1.111 IL and P 8 S · 1.667 IL, for which this additional, fourth mechanism becomes relevant (Table II) , this would lead to noticeably higher D Li -values in Table IV. Here, a correction to D Li can easily be estimated: At a given time, the fraction of lithium ions coordinated by TFSI only is given by p IL (Table II) . Since we found that dynamics of these ions is similar to that in PYR 13 TFSI · 0.262 LiTFSI, one can use the respective lithium diffusion coefficient (D Li,IL = 14.014Å 2 ns −1 ) to estimate their contribution to the overall diffusion coefficient, whereas the relative contribution of the remaining lithium ions is still described by Equation 5:
The respective corrected values for D sim Li and D
∞
Li are given in parentheses in Table IV . As already expected from the values of p IL , significant contributions arise only for P 12 S · 1.111 IL and P 8 S · 1.667 IL (p IL = 0.4 % and 2.5 %, respectively), whereas D Li for all other electrolytes remains basically unaltered.
Thus, for most electrolytes, the value of D Li is determined by essentially three contributions (Equation 5): the intrachain distance g 12 (τ 3 ) M3 the ion covers while connected to the same chain, the center-of-mass motion of the PEO molecules characterized by D PEO and the renewal events measured by τ 3 , which facilitate the diffusive motion of the ions in the long-time limit for N → ∞. Moreover, these trends may also oppose each other as in case of P 20 S · x IL. For these reasons, it is desirable to quantify in how far the modified intrachain transport and the altered renewal rates contribute to the overall change of D Li relative to the pure polymer electrolyte P 20 S. Table V shows the percentage by which the intramolecular contributions ( g 12 (τ 3 ) M3 ), the center-of-mass motion of the PEO chains (D PEO ) and the renewal rates (τ −1
3 ) as well as the overall D Li -values change relative to the pure polymer electrolyte P 20 S for N = 54 and N → ∞.
For P 20 S· x IL one clearly observes that the intramolecular contribution increases with the IL concentration, mainly as a result of the increased segmental mobility. For finite PEO chains, the enhanced D PEO -value additionally increases the lithium motion. In contrast to this, the contribution of the renewal processes decreases for these electrolytes. However, the plasticizing effect overcompensates this decrease, and D Li increases for both N = 54 and N → ∞.
Remarkably, the relative intramolecular contribution also increases for P 20−αx S · x IL, although the enhancement is weaker than for P 20 S · x IL. At first glance, this may contradict the findings presented in Section V A, where it was observed that both the diffusion along the PEO chain and the segmental motion become slower when IL is added to the system. However, this mismatch can easily be resolved by the following considerations: First, the fraction of lithium ions coordinating to one PEO chain only increases when going from P 20 S to P 8 S · 1.667 IL (Table I) . Since lithium ions coordinated to two polymer chains experience no effective transport via this mechanism (supporting information in ref. 17) , the diffusion along the PEO backbone becomes more efficient in this way. The second, more important effect leading to the observations from Table V is the fact that g 12 (τ 3 ) M3 is evaluated for different τ 3 (Equation 8). Thus, with increasing τ 3 also the distance g 12 (τ 3 ) M3 increases, although this dependence is weaker than linear, and the overall D Li diminishes in this case. Consistently, calculating the individual values for g 12 (τ 3 ) M3 with a constant value of τ 3 = 17.1 ns as observed for P 20 S (Table II), the intramolecular contribution indeed decreases for P 20−αx S · x IL. The only contribution which displays a clear increase is D PEO . Thus, for N = 54, D Li diminishes only slightly, whereas a significant decrease can be found in case of N → ∞.
So far, we focused only on the high-temperature limit which we can address in our simulations. Interestingly, the relative increase of D exp Li upon the addition of IL becomes much more pronounced in the low-temperature regime 12 . Although simulations at low temperature would be too costly, we are nevertheless able to make some statements about this regime. For example, in case of the addition of IL, it was reported that the glasstransition temperature T g significantly decreases (up to 35 K) with increasing IL concentration 12 , which is a first indication that also at ambient temperatures the enhanced polymer dynamics contributes to a larger D Li . In contrast to this, the experimentally observed decrease of T g is significantly weaker for lower EO : Li ratios
12
(which resembles the case of IL substitution). Simultaneously, D exp Li approximately remains constant at 323 K. A detailed analysis of the low-temperature regime is already underway.
VII. CONCLUSION
In this work, we presented an exhaustive MD simulation study on ternary polymer electrolytes consisting of PEO/LiTFSI and the ionic liquid PYR 13 TFSI. In total, we investigated two different concentration series, namely (a) the addition of the ionic liquid to PEO 20 LiTFSI, and (b) the substitution of the PEO chains in PEO 20 LiTFSI by the ionic liquid, subject to the constraint of a constant lithium volume concentration. The latter electrolytes not only reflected an interpolation between PEO 20 LiTFSI and PYR 13 TFSI · 0.262 LiTFSI, but also served as model systems for electrolytes with lower EO : Li ratios. In addition to the simulations, we also utilized a lithium ion transport model 20 to express the effect of the ionic liquid on the lithium diffusion via a few microscopic parameters. Based on the combined insights from the simulations and the transport model, we were able to formulate general statements in how far the lithium ion transport mechanism changes when the composition of the electrolyte is varied.
In case of sufficiently high EO : Li ratios (in particular 20 : 1), we find that the lithium transport almost exclusively takes place at the PEO chains, and that the transport mechanism therefore is qualitatively the same as in binary PEO 20 LiTFSI. For lower ratios, however, more and more lithium ions coordinate to a specific PEO chain, with the result that a progressive coordination by TFSI anions (both partially and totally) becomes visible. Accordingly, a completely new, fourth transport mechanism, in which the lithium ions are decoupled from the PEO chains, emerges due to the lack of free ether oxygens capable to bind the lithium ions. This mechanism may significantly contribute to the macroscopic lithium diffusion or even dominate it. From a theoretical perspective, we incorporated this mechanism into our transport model. For all electrolytes, we find reasonable agreement of the model predictions with the experimentally observed diffusion coefficients 12 . Apart from these qualitative differences, the lithium transport is also altered on a quantitative level. For instance, the renewal rate τ the PEO 20−αx LiTFSI · x PYR 13 TFSI systems).
Concerning the polymer dynamics, it turned out that the increase of the lithium diffusivity in PEO 20 LiTFSI · x PYR 13 TFSI can be attributed to the enhanced segmental mobility of the PEO chains, and that the ionic liquid thus serves as a plasticizer. As a result of the faster PEO motion, also the lithium ions coordinating to the PEO chains become faster. Interestingly, the plasticization is also visible in the scaling of the Rouse-mode relaxation times, which exhibit a slightly Zimm-like scaling characteristic for semidilute polymer solutions. An opposing effect on the PEO dynamics, however, is the coordination to the lithium ions, which becomes especially pronounced for low EO : Li ratios. Accordingly, the average PEO dynamics in PEO 20−αx LiTFSI · x PYR 13 TFSI is slowed down by the progressive coordination of lithium ions, and the plasticizing effect of the ionic liquid becomes visible only for larger, entirely uncoordinated polymer segments. In summary, one therefore faces the situation that the segmental mobility of the PEO chains plays a decisive role in ternary polymer electrolytes: Whereas the lithium ions slow down the PEO chains, the ionic liquid accelerates the polymer motion. Thus, for the design of new battery materials, one should attempt to render the latter effect the dominating one.
The sizes of the individual simulation boxes are summarized in Table VI . One clearly observes that while for the P 20 S · x IL systems the volume of the simulation box increases, L box for the P 20−αx S· x IL electrolytes is nearly identical for each system, meaning that the lithium volume concentration (27 lithium ions in each box) remains constant. Figure 10 shows the radial distribution functions g(r) for the atom pairs Li + −O PEO and Li + −O TFSI . Both coordination types exhibit a sharp peak around 2Å corresponding to the first coordination shell. For Li + − O PEO , the first coordination sphere directly crosses over into a second small peak around 3.3Å. At larger distances no significant structural arrangement can be found. For the coordination of Li + − O TFSI , peaks become noticeable also at larger distances around 6Å and 8Å, thus demonstrating that long-ranged correlations are present as also observed for a PEO 20 LiI electrolyte 45 . The same observation can be made for the PEO-free electrolyte PYR 13 TFSI · 0.262 LiTFSI, as also reported in previous MD studies 35 . The pair correlation function of the PYR 13 cations and TFSI anions (i. e. N PYR13 − O TFSI ) exhibits only a weak first coordination peak between 3.6 and 5.0Å.
Radial Distribution Functions
When successively adding the IL, one observes that the peak positions of both Li + − O PEO and Li + − O TFSI remain the same for all electrolytes. For P 20 S · x IL, the EO coordination numbers extracted from the integral over the first shell increase slightly, partly as a result of the lower fraction of lithium ions coordinating to two PEO chains (Table I in the main article), for which the EO coordination number is lower due to steric effects. In P 20−αx S · x IL, the absolute EO coordination number (as determined from the integral over g(r)) decreases with increasing IL content. This trend can be explained by the decreasing number of possible coordination sites, since the PEO concentration reduces. Naturally, the coordination number of the TFSI oxygens increases with increasing IL content in both types of electrolytes. Figure 11 shows the probability distribution functions p(n) to find a lithium ion with n EOs or TFSI oxygens in its first coordination shell. One observes that for PEO 20 LiTFSI· x PYR 13 TFSI, the coordination numbers are very similar in all systems and only change slightly with the IL concentration. In contrast to this, for P 20−αx S · x IL, a coordination number of n = 2 EOs becomes noticeable, and simultaneously the probability for one or two coordinating anions increases. In order to validate the results from the AMBER simulations, comparative simulations with Lucretius 46 (the original code for which the force field used in this study has been developed) have been performed. We focus on the pure polymer electrolyte PEO 20 LiTFSI. For the Lucretius simulation, the same techniques and parameters as in the original study 47 have been used. Both MD codes yielded the same density when simulating an N pT ensemble, thus giving a first indication that the AMBER results are reasonable. In the following, N V T simulations of the respective codes will be compared (the results are the same for N pT simulations). Since the Lucretius version used in this comparison (i. e. the same as in ref. 47) does not allow parallel calculations, the total simulation length was restricted to 50 ns as compared to the 200 ns of the AMBER simulations (note that in the meantime a newer, parallelized Lucretius version is also available). Figure 12 shows the probability distribution function p(φ) of the dihedral angles φ describing the rotation around the carbon-carbon (O-C-C-O) and the carbonoxygen (C-O-C-C) bonds of the PEO backbone. For the O-C-C-O-dihedral, one observes perfect agreement between the two codes, whereas for the conformations of the C-O-C-C-dihedral slight differences can be observed. These deviations can be rationalized by the fact that the bond length constraining (SHAKE 29 ) for nonhydrogen bonds is not possible in parallel AMBER simulations. Since these bonds can be stretched in these simulations, the 1-4 repulsions between the outer carbon atoms of the C-O-C-C-dihedral is mitigated, and the gauche-conformation (φ ≈ 75
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• ) becomes more populated compared to the trans-conformation (φ = 180
• ). Indeed, the same observation can be made for a Lucretius simulation (length 25 ns) without bond length constraining. However, these slight deviations have no influence on the dynamics of the PEO backbone and the lithium motion (see discussion below). Figure 13 shows the radial distribution functions g(r) for the Li + −O PEO and the Li + −O TFSI interaction. For both coordination types one observes reasonable agreement. Again, the slight deviations for the second coordination peak are related to the fact that the molecules in AMBER are more flexible due to the unconstrained bonds. Figure 14 shows the MSDs for the individual molecular species in PEO 20 LiTFSI. Since the AMBER simulation extends over 200 ns and the MSDs thus have much smaller error bars, only the error bars of the Lucretius curves are shown for clarity. For PEO, an additional distinction was made between the segmental dynamics (EOs) and center-of-mass motion. The agreement for all molecule types is quantitative. Deviations for larger time scale of several ten nanoseconds are within the error bars of the shorter Lucretius simulation. In total, the agreement between the two MD codes is convincing. Benchmark calculations have been performed for the modified AMBER code. Again, we focus on the electrolyte PEO 20 LiTFSI (4772 atoms) at T = 423 K in the N V T ensemble using various numbers of CPUs (Intel Xeon Nehalem X5550 with 2.67 GHz each, PALMA cluster 48 ). The simulations were carried out using various treatments of the polarization, in particular without polarization, iterative solution of the inducible dipoles, as well as the Car-Parrinello scheme described in ref. 30 .
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The computation time is shown in Figure 15 . For convenience, the resulting MD time per day is also shown in Figure 15 . For small processor numbers, one observes an ideal linear increase of the computation speed. From about eight CPUs this scaling drops below linear scaling, and finally saturates at a maximum computation speed for 32 CPUs. A more detailed analysis of the computation times of the distinct contributions (i. e. bonded, van-der-Waals or electrostatic interactions) reveals that the saturation as well as the subsequent decrease in Figure 15 arises from the evaluation of the reciprocal part of the electrostatic energies and forces. For this step, all spatial coordinates of the system are involved in the calculation, requiring the excessive communication between the individual CPUs. Consequently, the speed-up gained by the larger number of CPUs cannot compensate for this massive broadcast, so that the real computation time saturates and finally decreases again.
The incorporation of polarization leads to a decrease of the simulation speed. Here, the Car-Parrinello-like treatment of the dipoles 30 is significantly faster than the iterative solution of the inducible dipoles. For many CPUs, their relative difference becomes even larger. As discussed above, this effect is related to the enormous broadcast and the exchange of the inducible dipoles between the individual CPUs. This slowdown becomes especially heavy for the iterative scheme, as the dipoles have to be 
